catalyst (7) and chemically synthesizing palmitic acid ester (8) . By using lipase, astaxanthin diesters were also converted to the corresponding monoesters (9) . On the other hand, it is known that medium-chain fatty acid esters such as n-octanoic acid or n-dodecanoic acid are present in certain kinds of Chlorophyceae and plants, although in very small amounts (6) . In particular, the presence of n-decanoic acid ester has only been suggested, but it has not been specified as a compound (10) . Moreover, these esters have not been synthesized chemically or enzymatically, and accordingly, their physical properties and functions have not been examined.
In this report, we investigated the chemical synthesis of medium-chain fatty acid esters of astaxanthin to evaluate their physical properties and functions, and also to find them in natural sea resources. 87 mmol) and 4-(dimethylamino)pyridine (DMAP) (107.5 mg, 0.88 mmol) were added to a dry dichloromethane solution (20 mL) comprising astaxanthin (976.2 mg, 1.64 mmol) and [3-(dimethylamino) propyl]-3-ethylcarbodiimide hydrochloride (WSC HCl) (0.48 g, 2.50 mmol) under argon at room temperature. After 18 h, the reaction mixture was poured into dichloromethane (250 mL), and then the mixture was washed successively with 1 N hydrochloric acid (100 mL), saturated sodium bicarbonate solution (100 mL) and saturated saline solution (100 mL). The organic phase was dried with anhydrous sodium sulfate, and the solvent was removed under reduced pressure. Thereafter, it was dissolved in 15 mL of dichloromethane:n-hexane (2:1, V/V) and chromatographed on a silica gel column (250 g). By elution with ethyl acetate-n-hexane, a dark red solid (304. 2 
Synthesis of Astaxanthin n-Octanoates and Their Oral Absorption

Astaxanthin Concentrations in the
Plasma and Liver by the Oral Administration of Astaxanthin n-octanoic Acid Esters to Rats Six-week-old male Wister rats were purchased from Charles River Japan Inc., Japan. The animals were housed in groups in plastic cages, kept in a specificpathogen-free animal room at 24 1 under a 12-h light-dark cycle with lights on at 7:00, and were provided with standard laboratory chow (CE-2; Clea Japan Inc., Japan) and tap water. The animals were kept for 1 week before the experiment. For the experiment, astaxanthin n-octanoic acid monoester, astaxanthin n-octanoic acid diester and a commercially available astaxanthin extracted from Haematococcus algae (Itano Co. Ltd., Japan, Astax 9000H ® ) which mainly contains astaxanthin long-chain fatty acid monoesters (>90%)(11) were diluted with olive oil to obtain the amount corresponding to 100 mg/kg of free astaxanthin, and the diluted astaxanthin derivatives were orally administered to rats. The plasma and liver astaxanthin concentrations were determined by HPLC (Agilent 1100, Agilent Tech., USA); column: Develosil C30-UG5 (Nomura Chemical Co. 
Results and Discussion 1 Synthesis of Astaxanthin n-octanoic
acid Monoester and Diester Astaxanthin n-octanoic acid monoester and diester were prepared by usual methods as shown in Scheme 1. Free astaxanthin and n-octanoic acid were condensed by a hydration reagent (WSC HCl) in the presence of DMAP, to obtain as the mixture of n-octanoic acid monoester and diester. Then, the mixture was purified by silicagel chromatography to isolate the monoester and diester in 32 and 23% yield, respectively. These compounds were confirmed by 1 H-NMR spectroscopy.
2 Astaxanthin Concentrations in the Plasma and Liver by the Oral Administration of Astaxanthin n-octanoic
Acid Esters to Rats It is known that astaxanthin fatty acid esters are absorbed much easier in the small intestine than free astaxanthin to increase astaxanthin concentration in tissues (12, 13) . Naturally occurring astaxanthins extract- ed from Euphausiacea, shrimp, crab, and Haematococcus are mainly long-chain fatty acid ester derivatives, especially monoester derivatives (5, 11, 14) . Although these astaxanthins show good oral absorption as mentioned above, medium-chain fatty acid esters have never been examined. We therefore evaluated the oral absorption of astaxanthin n-octanoic acid monoester and the corresponding diester by measuring the plasma and liver concentrations of astaxanthin of 3, 5, 7 and 10 h after oral administration. As shown in Fig. 1 A and B, the n-octanoic acid monoester significantly increased the concentration of free astaxanthin in both the plasma and liver compared with astaxanthin long-chain fatty acid ester mixture (ASTAX 9000H ® ) extracted from
Haematococcus algae at 5 and 7 h. It also showed a significantly higher concentration than the n-octanoic acid diester in the liver after 7 h. The monoester exhibited high concentrations of free astaxanthin even at 10 h, although they were not significant. The diester was tending to show higher astaxanthin level in both plasma and lever than ASTAX 9000H ® . As a result, the astaxanthin n-octanoic acid esters well absorbed and increased the tissue concentration of free astaxanthin, and the n-octanoic acid monoester was the most effective among them. Thus, it is concluded that the astaxanthin n-octanoic acid monoester is a good pro-form of astaxanthin for ingestion, and astaxanthin mediumchain fatty acid esters are possibly better than its longchain fatty acid esters.
